Abstract. To evaluate systemic immunity associated with tumor growth limited to a subcutaneous site versus growth proceeding at multiple tumor sites, we established syngeneic mouse subcutaneous and pulmonary tumor models by local subcutaneous and intravenous injection of colon carcinoma CT26 cells. We found that splenic myeloid-derived suppressor cell (MDSC) levels were significantly increased in the subcutaneous tumor model but not in the pulmonary tumor model. Furthermore, both CD4 + and CD8 + T cells as well as CD4 + Foxp3 + T cells were significantly decreased in the subcutaneous tumor model and were largely unchanged in the pulmonary tumor model. In addition, the subcutaneous model, but not the pulmonary model, displayed a Th1 polarization bias. This bias was characterized by decreased IL-4, IL-9, and IL-10 production, whereas the pulmonary model displayed increased production of IL-10. These results suggest that the mode of tumor development has differential effects on systemic immunity that may, in turn, influence approaches to treatment of cancer patients.
Introduction
Nests of tumor cells at primary and metastatic sites are usually infiltrated by a variety of cancer-associated fibroblasts (CAFs), endothelial cells, tumor-infiltrating lymphocytes (TILs), and macrophages, which collectively produce cytokines and other mediators that have the potential to modulate both local and systemic antitumor immune responses (1) (2) (3) (4) . These cells may include both myeloid-derived suppressor cells (MDSCs) and/or regulatory T cells (Tregs) (2-4), i.e., cells that suppress the proliferation of CD4 + helper T (Th) cells and antigen-specific CD8 + T cells (5) , thus modifying antitumor responses by various distinct mechanisms (6, 7) . MDSCs form phenotypically heterogeneous groups of cells that share the capacity to exert a suppressor function (8, 9) . The level of these cells increases in the presence of infection (10, 11) as well as in the presence of several types of murine (4, 11, 12) and human cancers (13) (14) (15) . Conversely, Tregs comprise a subtype of Th-cells marked by the expression of high levels of the interleukin-2 receptor α chain (IL-2Rα-chain) (CD25) and forkhead box transcription factor P3 (Foxp3) (6, (16) (17) (18) (19) . Treg levels have also been found to be increased in cancer patients (20) . Despite both these types of cells exerting suppressive effects, at least at local tumor sites, they may have different effects on systemic immune responses.
Tumor growth limited to subcutaneous site vs tumor growth in pulmonary site exhibit differential effects on systemic immunities JUNKO The lung is a major metastatic site for various kinds of cancer, including colorectal cancer. The environment of the pulmonary tumor is different from that of the solid primary tumor for lymphocytes and macrophages. For instance, unlike the hypoxic environment of solid tumors, tumors and TILs located in the lung occur in a well-oxygenated environment. T cell-intrinsic molecular function and proliferation is tightly controlled by oxygen tension (21) . Moreover, effector T cell responses are regulated in the lung against innocuous foreign antigens. The mechanism by which the spread of the tumor to the lung influences systemic immunity remains unknown.
In the present study, we established a syngeneic mouse subcutaneous tumor model and experimental pulmonary tumor model, and found that these tumors had different effects on systemic immunity, as assessed in the spleen.
Materials and methods

Animals.
Female 5-week-old BALB/c mice were obtained from Charles River Inc. (Kanagawa, Japan) and maintained under specific pathogen-free conditions at the Tsushima-kita Branch, Department of Animal Resources, Advanced Research Center, Okayama University. All animal experiments were reviewed and approved by the ethics committee for animal experiments of Okayama University under the ID OKU-2015229.
Monoclonal antibodies (mAbs).
Anti-mouse CD3ε (145-2C11) and CD11b (M1/70) mAbs were purchased from BD Biosciences (San Jose, CA, USA). Anti-mouse CD25 (PC61.5), CD16/ CD32 (93), and Gr-1 (RB6-8C5) mAbs were purchased from eBioscience (San Diego, CA, USA). Anti-mouse CD4 (RM4-5), CD8α (53-6.7), and Foxp3 (3G3) mAbs were purchased from Tonbo Biosciences (San Diego, CA, USA).
Tumor cell cultures. The colon adenocarcinoma cell line, CT26 (N-nitro-N-methylurethane-induced tumor derived from BALB/c mouse), was purchased from the American Type Culture Collection (Rockville, MD, USA) and maintained in Roswell Park Memorial Institute (RPMI)-1640 medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS) (SAFC Biosciences, Lenexa, KS, USA) and 1% (v/v) antibioticantimycotic solution (10,000 U/ml penicillin, 10,000 µg/ml streptomycin, and 25 µg/ml amphotericin B; Life Technologies, Gaithersburg, MD, USA).
Tumor cell transplantations and histochemical analyses. CT26 cells (5x10 5 cells/200 µl/body) were transplanted subcutaneously (s.c.) into the right flank, or intravenously (i.v.) into a female 6-week-old mouse. A sham mouse, as control experiments, was injected with saline alone. The mice were euthanized on day 14 after the transplantation. Tumor volumes were calculated as 1/2 x length x width 2 . Tumors were analyzed histochemically, according to a previous study (21) . Images were obtained using an Olympus (New York, NY, USA) LX81 at 20x and processed with MetaMorph software (Universal Imaging Corp., West Chester, PA, USA).
Splenocyte cultures and assays for cytokine levels. Splenocytes were isolated and cultured, according to a previous study (22) . Splenocytes (4x10 5 cells/well) were cultured for 48 h on flatbottom 96-well plates (Corning Costar, Cambridge, MA, USA) coated with 5 µg/ml anti-CD3ε mAb in 200 µl RPMI-1640 medium containing 50 µM 2-mercaptoethanol (Nacalai Tesque, Inc., Kyoto, Japan), and supplemented with 10% (v/v) FBS and 1% (v/v) antibiotic-antimycotic solution. After cultivation, the produced IFN-γ, IL-4, IL-9, and IL-10 levels in culture supernatants were evaluated by cytokine-specific enzyme-linked immunosorbent assay (ELISA) commercially available from BD Biosciences and eBioscience.
Flow cytometry (FCM)
. Splenocytes (1x10 6 ) were incubated with anti-CD16/CD32 mAb for 20 min on ice. Then, MDSCs were stained with anti-Gr-1 and CD11b mAbs. T cells were stained with anti-CD4, CD25, and CD8 mAbs for 30 min on ice, fixed with FACS lysing solution (BD Biosciences) for 10 min at room temperature (RT), permeabilized with FACS permeabilizing solution 2 (BD Biosciences) for 10 min at RT, and then stained with anti-Foxp3 mAb for 30 min. The stained cells were analyzed by Accuri™ (BD Biosciences) and FlowJo Software (Treestar, Inc., San Carlos, CA, USA).
Statistical analyses. Survival curves were generated using the Kaplan-Meier method. Statistical analyses were performed using the Student's two-tailed t-test, the Mann-Whitney U, and the Pearson's correlation coefficient-tests. All analyses were performed using GraphPad Prism Software Version 6 (GraphPad Software Inc., San Diego, CA, USA). P-values <0.05 were considered statistically significant.
Results
Generation of murine models confined to subcutaneous and pulmonary sites. To explore the impact of subcutaneous and pulmonary tumors on systemic immunity with the same tumor cell line, we created murine tumor models in which tumor cells were confined to a single site at the subcutaneous site of injection or in which the tumor had undergone hematogenous spread to the lungs in the absence of growth at a subcutaneous site. To this end, we injected BALB/c mice with 5x10 5 CT26 cells (a colorectal cancer cell line) either s.c. or i.v., then examined these mice (or control mice injected with PBS) after injection to determine the course and extent of tumor spread. Mice administered CT26 cells by s.c. injection were alive at day 30, whereas mice administered these cells by i.v. injection died between 14 and 16 days (Fig. 1A and B) . We therefore euthanized and examined both s.c.-and i.v.-transplanted mice at day 14 after inoculation. The tumor volumes of the s.c.-transplanted mice grew to 650-2,197 mm 3 by day 14, and were confined to the original site of injection (Fig. 1E) . On the other hand, a large number of pulmonary nodules covered the lungs of i.v.-transplanted mice (Fig. 1D) , and were present only in this organ (Fig. 1C and F (4, 8, 25) ; however, Gr-1 hi CD11b + MDSCs were shown to also acquire suppressor activities after lethal tuberculosis infection (10) .
Gr-1 hi CD11b + cells in the spleens of s.c.-transplanted mice were significantly increased ( Fig. 2A) compared to PBS-injected mice (i.e., sham s.c.). In addition, Gr-1 dim CD11b + MDSCs were significantly increased ( Fig. 2A) . In contrast, no differences in the levels of either type of MDSCs were observed in i.v.-transplanted mice compared to sham-injected mice (Fig. 2B ). These changes in the proportion of MDSCs in s.c.-transplanted and i.v.-transplanted mice were accompanied by corresponding changes in the total numbers of MDSCs ( Fig. 2C and D + T cells were significantly decreased in s.c.-transplanted mice, whereas a non-significant change was observed in i.v.-transplanted mice (Fig. 3A and B) . These proportion of CD4 + and CD8 + T cells in s.c.-transplanted mice were accompanied by corresponding changes in the total numbers of CD4 + and CD8 + T cells ( Fig. 3C and E) .
In s.c.-transplanted mice, the above decrease in levels of CD4 + T cells was accompanied by somewhat smaller, but significant decreases in the levels of CD4 + CD25 + T cells (Fig. 3A and D) as well as the subset of CD25 + T cells also expressing Foxp3 (Tregs) (Fig. 3A and G) (Fig. 3H ) and between the sham and i.v.-transplanted mice (Fig. 3J) . Considered together, these results showed that whereas both s. 
IFN-γ and IL-4 cytokine production by splenocytes in tumorbearing mice.
Given the different regulatory cell responses of s.c.-and i.v.-transplanted tumor-bearing mice, we examined cytokine responses of splenocytes in the mice. We determined Th1 responses (i.e., IFN-γ production) and Th2 responses (i.e., IL-4 production) by anti-CD3ε Ab to stimulate T cells in splenocytes in the two groups of mice. The IFN-γ production from whole splenocytes stimulated with immobilized anti-CD3ε antibody (Ab) was significantly decreased in both s.c.-and i.v.-transplanted mice (Fig. 4A  and B) . In contrast, IL-4 production was significantly decreased in s.c.-transplanted mice (Fig. 4A) , but not in i.v.-transplanted mice (Fig. 4B) . These changes were reflected in the Th1 score (i.e., ratio of IFN-γ to IL-4 production) that was significantly increased in s.c.-transplanted mice (Fig. 4A) , and decreased in i.v.-transplanted mice (Fig. 4B) . These results indicated that s.c.-transplanted mice exhibit increased Th1 polarization, whereas i.v.-transplanted mice exhibited marginally decreased Th1 polarization.
IL-10 and IL-9 cytokine production from splenocytes in tumor-bearing mice. In further cytokine studies of s.c.-and i.v.-transplanted mice, we measured splenocyte production of IL-10 and IL-9 following anti-CD3ε stimulation. IL-10 is an anti-inflammatory cytokine with diverse effects on most hematopoietic cell types, and inhibits activation and effector function of T cells, monocytes, and macrophages (27, 28) . IL-10 is produced mainly by Th2 T cells, although it can also be produced by Th1 T cells under certain conditions.
In addition, IL-10 can be produced by other types of T cells such as Tregs, Type1 regulatory T cells (Tr1), Th9 cells, as well as by non-T cells such as MDSCs (6, 18, (26) (27) (28) . On the other hand, IL-9 is clearly a Th2 cytokine as its synthesis is induced by IL-4 and transforming growth factor β (TGF-β) (29) . IL-9 production was significantly decreased in s.c.-transplanted mice, but unchanged in i.v.-transplanted mice (Fig. 4C  and D) . Similarly, IL-10 production from whole splenocytes stimulated with immobilized anti-CD3ε Ab was significantly decreased in s.c.-transplanted mice, but significantly increased in i.v.-transplanted mice (Fig. 4C and D) . These results are again consistent with the view that s.c.-transplanted mice exhibit increased Th1 polarization, whereas i.v.-transplanted mice exhibit marginally decreased Th1 polarization.
Discussion
In the present study, we created mouse models of tumor development, i.e., mice in which tumor cells (CT26 cells) were limited to the site of injection and did not display metastatic behavior (s.c.-transplanted mice) and mice in which tumor cells were immediately subjected to hematogenous dissemination and developed at multiple sites in the lung (i.v.-transplanted mice). A striking difference in the immunologic response to the two modes of tumor development in these models was that a tumor limited to a subcutaneous site led to the appearance of increased numbers of both Gr-1 hi CD11b + and Gr-1 dim CD11b + MDSCs in the spleen, whereas a pulmonary tumor exhibited no such increase. At the same time, these two modes of tumor development had an inverse effect on CD4 + CD25 + Foxp3 + Tregs in the spleen in that a tumor limited to a subcutaneous site exhibited decreased numbers of Tregs, whereas a pulmonary tumor exhibited no change in numbers of such cells. Current notions of MDSC development suggest that the accumulation of tumor cells create a milieu in which damage-associated molecular patterns (DAMPs) and other tumor-derived inflammatory factors induce effector cell production of a host of inflammatory factors. These factors collectively induce development of MDSCs and presumably their dissemination to distant lymphoid sites such as the spleen (30) . The studies conducted here suggest that a tumor milieu capable of MDSC induction occurs at subcutaneous sites of development, but not at pulmonary site. Thus, by their differential effects on the development and dissemination of potentially suppressive MDSCs, subcutaneous tumor development and pulmonary tumor development might have very different effects on systemic host immunity.
A second difference in the systemic regulatory cell response between a tumor limited to subcutaneous site of development and a pulmonary tumor in the models studied here was that splenic CD4 + CD25 + Foxp3 + Treg levels were decreased in mice with the tumor limited to subcutaneous site, whereas no change in the levels of these cells was observed in mice with pulmonary tumor. This finding is somewhat unexpected, given that MDSCs have been shown to induce Tregs, possibly via their production of TGF-β and IL-10 (2). Thus, one would expect that increased splenic MDSC levels would be accompanied by increased Treg levels. One possible explanation of this unexpected finding is that MDSCs have a direct suppressive effect on Treg development via the production of arginase I, a factor that mediates T cell starvation and inhibition of T cell proliferation of all T cells, including Tregs (15, 20, 23) . This possibility is consistent with our finding that mice with increased MDSC levels in the spleen exhibit decreases in all T cells, including CD4 + CD25 + Foxp3 -T cells, with the latter representing activated T cells that are not Tregs. In addition, it is consistent with our findings that there is an inverse correlation between MDSC levels and CD4 + CD25 + Foxp3 + T cells. Before a spontaneous metastasis event, primary tumor cells convert gene expression pattern to lose adhesion and migration (31). Since we transplanted same tumor cells, the two tumor growth models established do not reflect primary tumors and metastatic tumors. Nevertheless, many studies have shown anti-inflammatory Th2 shift in breast, gastric and non-small cell lung cancer patients (32) (33) (34) (35) , and advanced cancer patients (36) with related cytokine production. In addition, IL-10 levels that strongly correlate with clinical stage and poor prognosis were elevated (37) (38) (39) (40) . Thus, our pulmonary tumor model that also induced Th2 shift and increase of IL-10 levels might partly be the same as stage IV patients. On the other hand, the change of systemic immunity in this model might possibly be caused by pulmonary embolism rather than pulmonary tumor. Further studies are needed to compare the change of systemic immunity in the pulmonary tumor model with spontaneous metastasis model.
The pleiotropic cytokine IL-9 is produced by Th cells and originally associated with the Th2 phenotype (41) . IL-9 has been reported to have both a pro-inflammatory and immunosuppressive function (42) . However, IL-9 levels and function in cancer remain poorly understood. Although the study of tumor-bearing mice with IL-9 neutralizing antibodies showed antitumor immune responses (42), we found that the splenic IL-9 levels, especially in subcutaneous tumor, were significantly lower than in the sham control (Fig. 4C) , which is consistent with the observation in colon cancer patients (43) . Thus, IL-9 might not proactively function in systemic immunities of cancer patients.
In conclusion, we established mouse models that clearly recognize the differences between subcutaneous tumors and pulmonary tumors. As these mouse models are able to represent well systemic immunity in cancer patients, they might be useful for exploitation of immunotherapy along with cancer progression.
